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Abstract. Within this paper, a systematic approach will be presented to specify the inﬂuence of defects caused
by vacuum grippers onto silicon heterojunction solar cell parameters. The study focuses on the comparison
between handling-induced defects originating from handling on the emitter or non-emitter side, and the
comparison of handling-induced defects originating from handling before and after plasma enhanced chemical
vapor deposition. The analysis was carried out by means of J–V measurements on manufactured silicon
heterojunction solar cells and by means of suns photoluminescence imaging measurements on solar cell
precursors. It is shown that local insufﬁcient passivated regions caused by handling before passivation not only
cause a local electrical defect at the point of handling, but also affect a large area around the insufﬁcient
passivated region. This had a signiﬁcant negative effect on ﬁll factor, short-circuit current, open circuit voltage
and efﬁciency, which was found to be more severe for wafers handled on the non-emitter side.
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1 Introduction
In the photovoltaic industry, it was clear at an early stage
that a high degree of automation is essential to ensure
quality in mass production and to minimize costs [1,2].
Since the handling of fragile components with sensitive or
functional surfaces is a major challenge [3], automated
handling and the associated gripping technology are
particularly affected here [4]. Gentle transport at very
high speed [5] has been described as the biggest challenge in
wafer handling in photovoltaic mass production. To remain
competitive in terms of throughput, at least one substrate
per second must be picked up, transported, and well
aligned and positioned, while yield losses of less than 1%
must be achieved [6]. The decisive criteria for the selection
of handling components were thus assigned to the inﬂuence
on process stability and damage minimization. With this
basis, the focus of research was on the evaluation of
handling systems with respect to induced mechanical loads
and resulting breakage rates of silicon wafers [7,8]. For very
surface sensitive cell concepts such as silicon heterojunction (SHJ), the requirements for the purity and nature of
the silicon surface, which later becomes the interface
between the silicon base substrate and the passivation
layer, are now increasing. As a starting point, a clean,
defect-free and speciﬁcally H-terminated silicon surface is
required prior to passivation [9]. To meet these interface
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requirements, a new challenge is added in handling
photovoltaic substrates: the handling system, which
mainly consists of vacuum or Bernoulli grippers and
conveyor belts, must not interfere with the sensitive,
cleaned, possibly heated wafer surface. It is therefore
necessary to thoroughly analyze handled wafers between
process steps to identify defects caused by handling actions,
to localize their cause and to estimate the resulting
efﬁciency losses. In [10,11] it is described that amorphous
silicon (a-Si) passivation defects resulting from grippers are
mainly caused by particle transfer. This particle transfer
leads to a characteristic imprint on assigned photoluminescence (PL) images. A reduction of transferred
particles reduced or even removed these imprints in PL
images and therefore the assigned losses in minority carrier
lifetimes. With this reduced lifetime, due to particle
contamination, it was concluded that recombination
currents occur, and the overall passivation level will be
lowered, resulting in a reduced cell efﬁciency. A similar
observation was seen in [12], where cleaning of conveyor
belts and grippers for the handling of wafers before
passivation resulted in an efﬁciency gain of about 0.15%
absolute. In [13] the impact of local surface defectivity on
the SHJ solar cell performances were investigated. A strong
effect on the efﬁciency, amounting to 6%rel for ‘only’ 0.2%
of the surface being defective, mostly driven by an FF loss,
was shown. In this context the inﬂuence of defects, caused
by particle transfer originating from vacuum grippers, onto
SHJ cell parameters are investigated. The focus is on the
comparison between handling-induced defects originating
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Fig. 1. Process ﬂow of the experiment for the study of handling
induced defects towards SHJ cell parameters. With wafers either
grasped before and after a-Si deposition (Experiment 1) or
grasped on the front side (FS) or rear side (RS) before a-Si
deposition (Experiment 2).

from handling on the emitter or non-emitter side, and the
comparison of handling-induced defects originating from
handling before and after plasma enhanced chemical vapor
deposition (PECVD).
2 Experimental details
The process ﬂow of the experiments is shown in Figure 1. In
experiment 1, textured and cleaned 180 mm thick, 1 Vcm,
n-type silicon Cz wafers were handled by vacuum grippers
either before or after deposition of a-Si layer stacks by
PECVD. In experiment 2, the handling was performed
before deposition of the a-Si layer stacks, while the
handling occurred either on the later emitter or nonemitter side. The handling was carried out on a test system
built to evaluate various gripping devices (Fig. 2).
Within the test system, a wafer can be automatically
gripped with a deﬁned air pressure. To avoid scratches or
particles from a substrate, the wafer is gripped from a frame
where only the substrate edges are in contact with. The
grasping is performed by four suction cups made of
polyurethane, where a reproducible number of particles is
transferred to the wafer surface. Following the handling
action, the subsequent process steps were performed
equally for both experiments. After deposition of the
a-Si layer stacks, the wafers were coated on both sides with
a 105 nm thick transparent conductive oxide (TCO) by
physical vapor deposition (PVD) and were metallized
afterwards. The analysis of the wafers was done by J–V
measurements on the ﬁnal processed SHJ cells and by suns
photoluminescence imaging (SunsPLI) [14] on solar cell
precursors before metallization. The J–V characteristics of
the SHJ cells were evaluated using a solar simulator under
AM1.5 and 100 mWcm–2 illumination. For the SunsPLI
measurement, implied open circuit voltage (iVOC) calibrated PL images were generated at illumination intensities between 0.005 and 1.5 suns. For each illumination
intensity a respective pseudo current density (Isuns) was

Fig. 2. Picture of tool used to grasp the wafers with magniﬁed
picture of one out of four suction cups used to grasp.

calculated by Isuns = ISC * (1 – suns), while the short-circuit
current density (ISC) value was obtained by J–V measurements of the ﬁnished cells. Each of these calculated Isuns
values were multiplied with the data points (pixels) of the
iVOC image obtained at the corresponding illumination
intensity, resulting in a power image. The power image
consisting of pixels with the highest average power value
was further used as image at maximum power (PMPP,
SunsPLI). To obtain a pseudo ﬁll factor (pFF) image each of
its pixels was calculated by the equation (1) below.
pF F ðx; yÞ ¼

P MPP;SunsPLI ðx; yÞ
iV OC;1Sun ðx; yÞ  ISC

ð1Þ

In the next step the pixels of pseudo efﬁciency images
(hpseudo) were calculated with the following equation (2).
hpseudo ðx; yÞ ¼

pF F ðx; yÞ  I SC  iV OC;1Sun ðx; yÞ
P in

ð2Þ

Unless otherwise indicated, the abbreviation iVOC will
be used in the remainder of the text to refer to iVOC
measured at one sun. It should be noted that the
assumption of an average ISC and Isuns used for all pixels
does not correspond to reality. At a minimum value for
defective areas, a lower loss in the iVOC at the MPP than in
the iVoc is measured. Given averaged Isuns and ISC values
for the pFF calculation for all pixels, an overestimation of
the pFF values will occur at these points.

3 Results and discussion
3.1 Comparison of handling before and after a-Si
deposition
In this section the electrical effects of particle agglomeration on the wafer surface before and after deposition of the
a-Si layer stack are investigated. Figure 3 shows an average
image of eight iVOC calibrated PL images of wafers handled
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Fig. 3. Averaged iVOC calibrated PL images of wafers handled before (left) and after a-Si deposition (right). With lines as guide to the
eye for the following line plots.

Fig. 4. Line plots of averaged images for hpseudo (bottom), iVOC (top left) and pFF (top right) handled before (blue) or after
passivation (orange).

before and after a-Si deposition. While images of handled
wafers after passivation do not show any characteristic
electrical defects caused by handling, images of handled
wafers before passivation show imprints of the used
grippers.
The following graphs show line plots (Fig. 4) of
averaged images for hpseudo, iVOC and pFF handled before
or after passivation. The selected line of the line plots
passes through the handling area of two suction cups and

extends over the entire wafer width. For every line plot a
lower value at the wafer edges is observed. This is due to
passivation defects at the edges and a not optimized edge
exclusion for the deposition of the TCO by PVD.
In the line plot of iVOC calibrated averaged PL images
of samples handled before and after a-Si deposition, the
iVOC increases sharply at the edges for about 5 mm and
then changes only slightly towards the center of the wafer
until a maximum is reached. For samples handled prior to
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Fig. 5. Results for cell parameters of cells handled before or after passivation.

a-Si passivation, the slight increase in iVOC towards the
center is at the area of handling interrupted by sharp peaks
to lower iVOC values. Additionally, it can be seen, that the
entire line plot of samples handled before passivation is
shifted towards lower iVOC values. The maximum iVOC
values of samples handled after passivation are not reached
for samples handled before passivation.
In the line plots of pFF calculated averaged PL images
of samples handled before and after a-Si deposition, it can
again be seen that the pFF values increase from the edges
towards the center of the wafer until a maximum is
reached. This is more pronounced for samples handled after
passivation, lasting 13 mm into the wafer middle. At the
location of the maximum handling defect for the iVOC,
small peaks to higher values are now visible in the pFF.
This is due to the pFF overestimation described in the
previous chapter. Nevertheless, for samples handled before
a-Si passivation, due to the resulting handling defects, a
reduced pFF for about 50% of the wafer width compared to
the value in the defect-free wafer center can be observed.
The difference between these sharp defect peaks at the
iVOC and this smeared defect around the defect center for
the pFF can be explained by the higher lifetimes at the
iVOC at the MPP. The higher lifetime corresponds to a
higher diffusion length of the minority charge carriers,
which causes a higher recombination probability at the

local defect from a larger distance. As for the iVOC,
maximum pFF values of samples handled after passivation
are not reached for samples handled before passivation.
The line plots of hpseudo averaged calculated PL images of
samples handled before and after a-Si deposition follow the
trend of the line plots for pFF. The hpseudo values increase
from the edges in a similar way towards the wafer center. In
the line plot for samples handled after passivation, a reduced
hpseudo due to edge defects can be seen from the wafer edges
towards the wafer center for approximately 13 mm. For
samples handled before a-Si passivation, a reduced hpseudo
value is observed for about 50% of the wafer width, compared
to the values in the defect-free wafer center. This is assigned
to resulting handling defects.
Based on this local analysis on solar cell precursors, a
signiﬁcant efﬁciency difference of solar cells handled before
a-Si passivation and solar cells handled after a-Si
passivation is expected. This difference should be driven
by the ﬁll factor, since the pFF inﬂuences a larger area than
the iVOC does. Although the solar cell precursors had an
in-situ curing at the TCO deposition, the curing after
metallization could have an additional positive annealing
effect on small passivation defects. However, for the not
passivated areas underneath the transferred particles an
annealing effect is unexpected. Figure 5 shows the results of
the cell parameters, measured by J–V-measurement.
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Fig. 6. Results for cell parameters of cells handled before passivation on the later emitter or non-emitter side.

For VOC, the mean values are 733.7 mV and 735.4 mV
for samples handled before and after passivation. The
percentage loss is 0.24%. For FF, values of 77.93% for
samples handled before and 78.87% for samples handled
after a-Si deposition have been measured. Therefore, a
percentage loss of 1.19% in the ﬁll factor is calculated. The
percentage difference of the mean values of the measured
JSC is 0.2% between samples handled before and after
passivation. The mean values are 36.67 mA/cm2 for
samples handled before and 36.74 mA/cm2 for samples
handled after passivation. The percent losses of samples
handled before passivation to samples handled after
passivation in VOC, FF and JSC add up to a percent loss
of 1.63% in h. The mean efﬁciencies are 20.96% for samples
handled before passivation and 21.31% for samples handled
after passivation. The losses due to handling before
PECVD result in an absolute efﬁciency loss of 0.35%,
measured by J–V measurements on SHJ solar cells. These
results agree with literature and seem to be independent of
the source of passivation defects. It holds true whether the
defects are coming, like in our case, from particle transfer of
grippers towards the wafer surface, defects applied by
conveyor belts [12], wire sawing induced defects [15] or
depassivation by scratches [13]. For all passivation defects
efﬁciency losses are observed, which are mainly driven by
losses in FF.

3.2 Comparison of samples handled on emitter side or
non-emitter side
In this section the electrical effects of particle agglomeration on the emitter (p) side and non-emitter (n) side are
analyzed. The difference of defects applied on the later
emitter or non-emitter side can be seen in the cell results,
which can be found in Figure 6.
For VOC, the mean value is 734.5 mV for p-side handled
samples and 733.8 mV for n-side handled samples. This
results in a percentage difference of 0.1%. For FF, the
higher mean values are also found for the samples handled
on the emitter side. The percent difference is 0.8% and
results from the mean value of 78.47% for samples handled
on the p-side and the mean value of 77.85% for samples
handled on the n-side. For the JSC, the difference between
samples handled on the p- or n-side is 0.08%. This is
obtained by JSC values of 36.68 mA/cm2 for samples
handled on the p-side and 36.65 mA/cm2 for samples
handled on the n-side. The percentage differences of
samples handled on the emitter or non-emitter side for JSC,
VOC, and FF add up to an efﬁciency difference of 0.98%.
The average h values are 21.14% and 20.94% for samples
handled on the p- and n-side, respectively. For both groups
in this experiment a large overlap in the standard deviation
for all cell parameters and especially the VOC and JSC can be
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Fig. 7. Image section of a PL image of a wafer handled before passivation with marked different sized areas, used for the local loss
analysis.

Table 1. Values for the different sized areas in Figure 12 and their percentage size fraction on a M2 wafer for one and four
grippers.

A0
A1
A2

Area [mm2]

M2 Wafer coverage (1 Suction cup) [%]

M2 Wafer coverage (4 Suction cups) [%]

106.4
368.8
798.7

0.43
1.50
3.25

1.73
6.00
13.00

seen. In contrast to experiment 1, defects are always found in
the handling area, which is not the case for samples handled
after passivation. Therefore, other than gripper associated
electrical defects contribute to a greater extent to the
standard deviation of individual samples. Due to this fact it is
necessary to perform local analyses, which is possible by the
SunsPLI method for pseudo-cell parameters. Local loss
analyses were performed using the measured iVOC and
calculated pFF and hpseudo images. Figure 7 shows the
different sized areas, used for the local loss analysis, while
Table 1 shows their size, as well as their percentage size
fraction on a M2 wafer for one and four grippers.
A0 describes the area of the dark ring of the visible
defect and has an area of 106.4 mm2. Area A1 has an area of
368.8 mm2 and encloses area A0 and the area inside the
circular defect. Area A1 has the same circular center as area
A2 and has an area of 798.7 mm2. The average iVOC, pFF,
and hpseudo values of these areas were related to the location
of the maximum hpseudo of each sample. The results of the
local loss analysis for handling on the n and p sides are
shown in Figure 8.
Losses in iVOC are higher for samples handled on the
n-side than on the p-side. Handling on the p-side induces an
iVOC loss of 1.82% for A0, 1.24% for A1, and 1.04% for A2.
Handling on the n-side has an iVOC loss of 3.06% for A0,
1.7% for A1, and 1.32% for A2. One can observe that the
difference of losses in iVOC between the handling of the
p- or n-side get smaller with increased area size. This can
explain the small difference in the cells VOC data of samples
handled on the p- or n-side, seen in Figure 6. For the pFF,
higher handling-induced losses are found for handling on
the n-side. In this case the difference of losses in pFF does
not decrease with increasing area size. The pFF loss values

due to handling on the p-side are 2.05% for A0, 2.14% for
A1, and 2.24% for A2. The handling on the n-side has pFF
losses of 2.39% for A0, 2.92% for A1, and 2.82% for A2. One
must mention, that with the assumption of constant Isuns
and ISC values for the pFF calculation possible shunting
effects for wafers handled on the p-side are not considered.
This could possibly lead to lower differences of pFF losses
induced by handling on p- or n-side. Nevertheless, these
results seem to conﬁrm the trends in the FF data from
Figure 6. The loss in hpseudo for samples handled on the p- or
n-side are calculated by adding the losses in iVOC and the
losses in pFF. Losses of hpseudo are higher for handling on
the n-side than for samples handled on the p-side for all
areas measured. The hpseudo loss of samples handled on the
p-side (n-side) are 3.95% (5.43%) for A0, 3.35% (4.57%) for
A1, and 3.25% (4.1%) for A2. The larger the considered
area around the defect, the greater the proportion of losses
due to pFF. Comparing this local analysis with the cell data
in Figure 6, similar effects can be observed. The lower
(pseudo-)efﬁciency for wafers handled on the n-side,
compared to wafers handled on the p-side, is mainly
driven by losses in (pseudo-)FF. JSC and VOC showed no
signiﬁcant impact on h, whether the handling was carried
out on the p- or n-side. In the local analysis, the iVOC losses
due to handling on the n-side at the point of maximum
defect also contributes to an increased loss of pseudoefﬁciency at the point of maximum defect. However, this
loss seems to be only local and becomes less and less as the
examined area becomes larger. These results apply for
defects resulting from particle transfer described in [10].
The transferred particles are in the range of 0.1 mm to
1.2 mm and have a surface coverage of approximately 1.6%
at the handled area. For heavy damaged areas coming for
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Fig. 8. Graphs showing the local loss analysis for iVoc, pFF, and hpseudo of wafers handled either on the later emitter or non-emitter
side.

example from scratches, as stated in [12], a different
contribution of JSC and FF to the overall h losses was
reported.

4 Conclusion
In this work the inﬂuence of defects caused by particle
transfer originating from vacuum grippers onto SHJ cell
parameters were investigated. It is shown, that handling
after cleaning and before passivation and the associated
particle carryover has a signiﬁcant effect on all solar cell
parameters. No visible defect of handling after passivation
has been seen in the assigned PL images. For all samples
handled prior to PECVD and analyzed by SunsPLI,
characteristic defects in the form of reduced iVOC, pFF and
hpseudo have been found at the grasping areas of the handled
wafers. It was presented that these defects not only cause a
local defect at the point of handling, but also affect a large
area around the maximum defect. For J–V measured SHJ
cells it was shown that these defects caused a high h loss of
0.35% absolute, which is mainly driven by losses in ﬁll
factor. The relative efﬁciency loss due to handling before

passivation consisted of 73% losses in FF, 15% losses in
VOC and 12% losses in JSC. Furthermore, the inﬂuence of
handling at the later emitter or non-emitter side was
investigated. For defects originating from a particle
transfer, a larger negative electrical effect was found due
to handling on the non-emitter side of a SHJ solar cell,
before deposition of the passivation stack. The negative
electrical effect is mainly driven by losses in FF, while losses
in JSC and VOC couldnt be indicated as signiﬁcant. By
applying a local analysis of obtained iVOC and calculated
pFF and hpseudo images it is shown, that within an area of
2
~800 mm around a handling defect, which with four grippers
makes up 13% of the total wafer area, hpseudo drops by up to
4.1% relative to the maximum hpseudo value of the respective
sample. With this local loss analysis, it was demonstrated
that it is possible to compare defects from different processes
as well as to estimate the efﬁciency reducing potential of a
single defect. In summary, it can be concluded that the
handling of SHJ cells and in particular the non-emitter side
can have a signiﬁcant inﬂuence on all cell parameters. The
losses described can only be recognized through a detailed
analysis, as otherwise a large part of the effect is not visible, as
the overall level is strongly inﬂuenced. This does not only
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apply to grippers, but also to all wafer contacts prior to a-Si
deposition, for example automation or chemical carriers,
conveyor belts, wafer ﬂippers and tray carriers.
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